New x-ray free electron laser (XFEL) and high harmonic generation (HHG) light sources are capable of generating short and intense pulses that make x-ray nonlinear spectroscopy possible. Multidimensional spectroscopic techniques, which have long been used in the nuclear magnetic resonance, infrared, and optical regimes to probe the electronic structure and nuclear dynamics of molecules by sequences of short pulses with variable delays, can thus be extended to the attosecond x-ray regime. This opens up the possibility of probing core-electronic structure and couplings, the real-time tracking of impulsively created valence-electronic wavepackets and electronic coherences, and monitoring ultrafast processes such as nonadiabatic electron-nuclear dynamics near conical-intersection crossings. We survey various possible types of multidimensional x-ray spectroscopy techniques and demonstrate the novel information they can provide about molecules.
Introduction
A major motivation for developing x-ray free-electron lasers (XFELs) has been the diffraction off nanocrystals or even single-molecule samples. Such experiments provide ultrafast, stroboscopic snapshots of the evolving electron charge density, resulting in real-time movies of structural changes without the need for crystalization. This could revolutionize the study of structural dynamics of chemical reactions and biological processes [1, 2] . In this article, we survey a different class of techniques that are made possible by these novel light sources. These involve detecting the ultrafast response of matter to sequences of x-ray pulses which are resonant with core transitions in selected atoms. These are natural extensions of multidimensional techniques first developed in nuclear magnetic resonance (NMR) and gradually extended to higher frequency regimes [3, 4] .
Linear spectroscopy signals are recorded versus a single time or frequency parameter, revealing one-dimensional (1D) information on energy levels, transition dipole moments, and electronic and nuclear motions in molecules. Multidimensional spectroscopy uses sequences of laser pulses to perturb the system and probe correlated events taking place during well-controlled time intervals. These nonlinear techniques ultimately reveal multipoint correlation functions of matter which carry significantly more detailed dynamical information than the two-point correlation functions corresponding to 1D techniques [5] . For example, 2D spectroscopy has long been used in the NMR/radiowave regime to reveal couplings between nuclear spins [6] . Signals are displayed versus two frequency axes. Excitation energies appear along the diagonal and the diagonal slice of this plot therefore corresponds to ordinary 1D spectroscopy. Offdiagonal cross peaks on the 2D spectrum reveal couplings/ interactions between the various excitations of the system. Multidimensional NMR is commonly used to determine the fluctuating conformations of complex biomolecular systems with high structural resolution [7] . The past two decades have seen these concepts extended to the infrared (IR) and optical regimes, where new degrees of freedom other than nuclear spins are probed and enhanced temporal resolution (from the millisecond to the femtosecond regime) is possible [4, 8] . Multidimensional techniques are particularly useful for systems with congested 1D spectra or to probe transient properties of the perturbed system, and can reveal excitation correlations and other many-body effects [9] . 2D optical Raman and 2D IR has now been used to obtain important structural and dynamical information that was not accessible with conventional 1D optical techniques [10, 11] . At present, the technology exists for 2D UV and extreme ultraviolet (XUV) spectroscopy and attosecond x-ray pulses extend it for core excitations [12] [13] [14] .
X-ray pulses can resonantly excite core electrons. 1D techniques, such as x-ray absorption near-edge structure (XANES), reveal the core excitations and the valence fine structure. This is in analogy to how optical absorption reveals valence electronic excitation and vibrational substructure. 2D x-ray spectroscopy may be used to investigate the interactions between core excitations. Since core energy levels are highly element-specific, this can be used to probe structural and dynamic information in complicated molecules with high spatial resolution. The broad bandwidth of x-ray pulses makes it possible to probe many states on a very short timescale [15] .
Many important processes are ill-understood because they are too fast to be probed with femtosecond-to-picosecond techniques or require a broader spectral width than optical pulses allow. Ultrafast processes such as intersystem crossing, radiationless decay, passage through conical intersections, and the dynamics and effects of electronic coherence are ubiquitous in nature [16] but have evaded complete understanding due to the extreme temporal and spectral parameter regimes necessary for their observation. Tunable intense attosecond x-ray pulses can probe such ultrafast processes and so gain a greater comprehension of the physics and chemistry that underlies a broad array of material phenomena [17, 18] . Coherent x-ray pulses as short as 35 as have been produced via high-harmonic generation [19] [20] [21] . These pulses are easier to generate and of much higher quality than XFEL pulses but they are of significantly lower intensity, which makes it harder to use them in higher-order nonlinear spectroscopies. In this article, we provide a broad perspective on recent work combining these exciting new pulse regimes with the aforementioned multidimensional spectroscopies as well as presenting new calculations in section 2.
Four-wave mixing: the double quantum coherence signal
Four-wave mixing (FWM) is the most common type of nonlinear spectroscopic technique. In this experiment (figure 1), a sequence of three pulses interacts with the material under study to generate a signal which is detected along one of the linear combinations of the three incoming pulse directions. Based on phase-matching, there are four independent possible signals
3 , and
. We shall primarily discuss the k I and k III techniques. The signal intensity can be detected either directly (homodyne detection) or by interference with a fourth local oscillator pulse along the detected direction (heterodyne detection). The latter is experimentally more challenging, since it requires a phase-sensitive detection, but yields additional information about the matter response and a stronger signal amplified by the strong detection pulse. Careful geometric phase-matching must be done to separate the various signals. The same information can be alternatively obtained in a colinear geometry with phase-cycling of the interacting fields (i.e. combining the results of repeated measurements with different pulse phase configurations) [22, 23] .
FWM signals are related to a four-point correlation function of the dipole operator, which is a function of the three time delays (t j ) as well as other pulse parameters such as the frequencies (w j ). Since the system interacts with each pulse in sequence, varying the pulse parameters and delays allows one to control the generation and evolution of excited states and coherences. Compared to linear 1D signals, FWM 3D experiments are rich with information on multiply excited states and their dynamics but are more difficult to measure, being of a higher interaction order and requiring higher intensities and phase-matching to separate the signals for interpretation (we note that '2D' and '3D' FWM involve the same experimental setup with the former signal being 2D slices of the latter and thus easier to display). The extension of FWM techniques to the x-ray regime has been discussed and realized recently in the XUV [14, [24] [25] [26] . Below, we present one FWM signal in detail.
Double-quantum coherence (DQC) is the name given to the FWM signal generated at
3 . The signal is represented by the two diagrams shown in figure 2, both of which promote the molecular density matrix, via interaction with the first two pulses, to a double-core-excited state coherence r r r   gg eg fg . The third interaction leaves the system in either of two coherences, r fe or r eg for the final propagation period (we make the rotating wave approximation (RWA) whereby field and matter frequencies are of opposite sign for each field-matter interaction). One important property of DQC is that these two diagrams exactly cancel each other when the system is harmonic (so that w w = eg fe ). This is possible when the double core-hole (DCH) is created on two weakly coupled atoms of the same element. Thus, this signal offers a background-free detection of anharmonicities in the energy eigenbasis of the system. In excitonic systems, the anharmonicities stem from interactions betwen excitonic quasiparticles (deviations from bosonic behavior) and DQC can be used to probe the exciton-exciton coupling in chromophore aggregates, semiconductor quantum wells, etc [29] . In the x-ray regime (x-ray DQC or XDQC), this technique reveals coupling between core excitations [27, 30] . Since these excitations are generally well-localized and element-specific, this technique provides detailed information on core-excitation dynamics and many-body interactions. XDQC and the other XFWM signals were discussed for various models of multiple core-hole coherence [26] . The k III signal is given by [31, 32] Figure 3 presents the simulated XANES spectra and XDQC signals of three isomers of aminophenols, which have a -NH 2 and a -OH group bonded to benzene with para-, meta-, and ortho-positions (abbreviated as p-, m-, o-, respectively) [33] . Calculations were performed at the stateaveraged restricted active space self-consistent field (SA-RASSCF) [34] level, which adequately considers the static correlation and orbital relaxation caused by core holes. Nonlinear x-ray spectroscopy poses new computational challenges for core excitations (see [35] for a review on different methods). RASSCF can treat the valence, SCH and DCH states at the same level, which gets a balanced accuracy for their couplings and the signals. The method was first employed in core-hole calculations in the 1980s [36] [37] [38] [39] , and recently used to calculate double ionized states and spectra of small molecules [40] , L-edge XANES and resonant inelastic x-ray scattering (RIXS) spectra of transition metal complexes [41] , and linear and nonlinear x-ray spectra of conical intersection structures [42] . In figure 3(a) , isomers show similar XANES spectra at both the N and O K-edges which would require high-resolution measurement to detect and distinguish the fine structures. The XDQC signals show higher sensitivity, see W 1 -W 2 and W 3 -W 2 correlation plots depicted in figures 3(b)-(c). Gaussian pulses with standard deviation s j = 100 as were used which cover an energy bandwidth of ca. 11 eV (power spectrum FWHM). We tuned the central carrier frequencies of the first two pulses at w = (3)). This pulse configuration is denoted as ON-B. One diagram pathway is activated owing to the well separation of the N1s and O1s energies (∼130 eV) as compared to the pulse bandwidth. The N1s and O1s orbitals in aminophenols are weakly coupled, so energies of the N1sO1s DCH states are very close to summation of the corresponding SCH state energies. In figure 3 (b), the strongest peak appears at W = 534 1 eV in all isomers, corresponding to the O1s * s  OH transitions in XANES (peak 4).
Para-aminophenol shows a well-separated shoulder structure at W = 535 1 eV, which corresponds to the O1s * p  peak in XANES (peak 5). This feature is hardly seen in the other two structures, consistent with their much weaker peak 5 intensities in XANES. It is clear that the para isomer has more stable resonance structures or more delocalized π electrons. This feature reflects the coupling of the two groups through the * p orbitals. The diffused patterns of meta and ortho isomers in this region are related to their broader and unsymmetric XANES peak 4. Another distinguishing peak is at W = 536.7 eV 1 , which becomes stronger as we move from p-, 
) . W 1 and W 2 correspond respectively to O1s SCH to O1sN1s DCH states resonances (from the ground state). W 3 corresponds to the O1s SCH to O1sN1s DCH resonances. Pulse parameters used: w 1 = 536 eV, w 2 = 400 eV, w 3 = 403 eV, w 4 = 533 eV. All pulse durations were set s j = 100 as. Adapted and reproduced from [33] . Copyright Royal Society of Chemistry 2016.
m-, to o-aminophenols. In the XANES spectra, the three isomers show a peak with virtually the same intensity (peak 6). This illustrates the ability of XDQC to amplify small differences in XANES. The W 3 -W 2 correlation plots in figure 3 (c) also show distinct patterns for different isomers. The XDQC signals are very sensitive to the small chemical structure changes around the core holes, and can see their couplings. Since core excited states are localized, the spatial correlation information inside a molecule is revealed. In conjunction with high temporal resolution, the ultrafast electron dynamics can be detected following the changes in correlation. Our example aminophenols have two electron donating groups. When one group is changed to be an electron acceptor, the molecule becomes so-called push-pull chromophores [43] [44] [45] [46] . XDQC has the potential to see the atomic nature of the intramolecular charge transfer by creating a two-site double core on both side groups.
We next demonstrate the capacity of the XDQC technique to select different DCH pathways by tuning the pulse frequencies. RASSCF can treat different types of DCHs, located on one site (N1sN1s and O1sO1s DCHs on the -NH 2 and -OH groups) or two sites (N1sO1s DCHs). In figure 4 , we show the simulated XDQC signals of p-aminophenol at eight pulse configurations (W 1 -W 2 plot). Based on the excitation sequences of the first two pulses (w 1 , w 2 ), we classified them as ON, NO, NN, and OO pulse configurations. The NO configuration prepares the system with N1s core excitations and then reaches two-site DCH states on both N and O atoms. The NN and OO configurations lead to single-site DCH states initiated respectively by N1s and O1s SCH excitations. By tuning the last two pulses, one can select diagram A or B. It should be noted that for single-site DCH states, the energies are not simply twice the SCH energies, but ∼60 eV (∼80 eV) higher for NN (OO) DCH states from our RASSCF calculations. These differences stem from the correlation of the two 1s electrons in the same shell. w 1 and w 2 strongly affect the energy region and patterns of the signals. Selecting diagram A or B (by tuning w 3 and w 4 ) does not affect the signal in this case.
Another FWM technique is photon echo spectroscopy (PES). This is an extension of the NMR spin echo technique in which inhomogeneous broadening is eliminated. The photon echo signal is generated in the direction = -+ k k
(the corresponding ladder diagrams are given in figure 5 ). The first pulse excites the system from the ground state, creating an electronic coherence (the density matrix is taken from r r  gg eg , for example). After evolving in this coherence for the first time delay t 1 , the system interacts with the second pulse and is left in a population (r gg or r ee ) for the t 2 period. The third pulse brings the system back to an electronic coherence and the third propagation period t 3 begins rephasing the signal (i.e. the dephasing caused by the t 1 propagation is cancelled by the t 3 propagation). This re-phasing is complete when = t t 1 3 and an echo is produced at this time. This signal can then be studied by W W 1 3 correlation plots while varying t 2 to track changes in the echo due to the dynamics in this intermediate period. In this way, PES can be used to monitor, e.g. excitation energy transfer and charge separation in bacterial reaction centers [47] . X-ray PES will extend these studies to core electron levels, including their dephasing properties and core-hole dynamics [48] [49] [50] [51] . We had previously calculated the photon echo signals of aminophenols [48] with the equivalent core-hole (ECH) approximation (also known as the (Z+1) approximation) [52, 53] . In that approximation, a single core hole is represented by an additional one nuclear charge, and double core holes are represented by additional two nuclear charges, and so on. This method is very simple to apply and works for deep core holes. The simulations of figures 3 and 4 use the more accurate RASSCF.
Stimulated x-ray Raman signals
So far we have described XFWM techniques that probe core excitations directly. These are highly demanding experimentally, since the time observation window is limited by the core lifetimes (tens to ∼1 fs) and require a complete phase control of the pulse. Stimulated x-ray Raman spectroscopy (SXRS) techniques (figure 6), in contrast, use the core states as a fast trigger of valence excitations [54] . This is analogous to the way optical pulses use intermediate electronic excitations to impulsively trigger vibrational motions, as depicted in figure 7. Since valence (e.g. ¢ ñá g g | |) rather than core excitations exist during the delay periods, the short core lifetime is no longer a limitation on the time window. It is possible to perform the experiment so that the molecule interacts twice with each applied pulse so as to Loop diagrams for 1D-SXRS (top) and 2D-SXRS (bottom). These differ from the ladder diagrams of figures 2 and 5 in that the relative time-ordering of interactions on the ket and the bra are not maintained. To emphasize the Raman-style nature of the interactions, we compress the distance between pulses associated with a given excitation/deexcitation event and therefore illustrate the pulses at an angle rather than horizontally to avoid crowding. That the diagrams are topped with a loop indicates that the relative time-ordering between bra and ket interactions is not maintained, in contrast with the ladder diagrams which maintain full time-ordering. For diagram rules, see [28] .
cancel the field phases. Thus, phase control is not needed, making SXRS experimentally less challenging than the FWM techniques described above. Finally, SXRS reveals information about valence electrons, which are more chemically relevant than the core electrons which are typically frozen during chemical reactions.
The Raman excitation is cleanly encapsulated by the effective polarizability (see where  j is the spectral envelope of the jth pulse (centered at zero frequency) and w j is its carrier frequency [15, 55] . This is the relevant transition operator that controls core-mediated x-ray Raman valence excitations. The spectrum of the pulse can be used to control which intermediate core-excitation e is used in the Raman process and which valence states ¢ g are accessible. Each Raman-type field-molecule interaction multiplies the wavefunction by â . We use the amino acid cysteine to illustrate how a stimulated resonant x-ray Raman process can create excitations localized at different target atoms in the molecule (N, O, and S). As shown in figure 8 , a broadband x-ray pulse can create a valence excited state wavepacket localized to the target atoms. At time zero, all electron and hole densities are localized to the selected excited atom ( figure 8(a) ). We divided the molecule into three spatial regions surrounding the different functional groups (the carboxyl, the amine, and the thiol) as shown in figure 8(b) . Electron and hole densities projected to these three regions at later times are presented in figure 8(c) . We find that the localized nature of electrons and holes persists with some fluctuations, and usually the hole is more localized than the electron.
The various Raman techniques are given by combinations of correlations functions of â . For example, the 1D-SXRS signal is given by
where R denotes the real part, the subscripts p and s stand for 'pump' and 'signal', respectively, and the operator timedependence is in the interaction picture. A broadband x-ray pulse can create a wavepacket of electronic coherences r ¢ g g (where ¢ g are valence-level substructure to core excitations in analogy with vibrational substructure of valence excitations) and, due to the element selectivity of core excitations, can be used as a local probe for the dynamics [54, [57] [58] [59] . SXRS measurements have been reported using XFEL pulses in atomic neon gas [60] .
When two x-ray pulses interact with the sample, the resulting frequency-dispersed, two-pulse SXRS signal (FD2P-SXRS) depends on the single time-delay between the two pulses and the detected frequency. Integrating over the detected frequency gives the integrated two-pulse SXRS (I2P-SXRS) which can be Fourier transformed to give a 1D spectrum. This 1D spectrum is complementary to the 1D UVvis absorption spectrum since some spectral lines may be inactive in absorption but Raman active (or vice versa).
By setting the interpulse delay time t 3 to zero, it is also possible to use 2P-SXRS as the probe in a pump-probe experiment. Such a probe has been utilized in femtosecond stimulated Raman spectroscopy (FSRS) to observe nonstationary states prepared by actinic pulses [61] . A classification scheme for different types of probes in pump-probe experiments was outlined in [62] . The zero-delay 2P-SXRS probe is then called 'quadratic hybrid' since it scales quadratically with probe-field intensity and the probe field consists of two pulses with different parameters (usually one broadband and one narrowband). The resultant signal then depends on the pump-probe delay and the probe parameters (in particular, the narrowband frequency). It can be frequency-dispersed or recorded in an integrated fashion.
Three-pulse experiments (3P-SXRS) can detect correlations between different electronic coherences. Interaction with the first pulse creates an electron-hole pair while the second interaction creates another electron-hole pair or alters the first. Either way, the two pairs must share a common electron or hole in order for the signal not to vanish. Figure 9 (a) connects the I2P-SXRS signal calculated for cysteine to the corresponding XFWM signal at
Multidimensional stimulated x-ray Raman signals
3 . The time delay between the first and second pulse is now set to zero, so that the pump process is the same as that in an SXRS experiment. The k II signal depends on two core excitation energies W W , 1 3 and a valence excitation energy W 2 . The 3D k II signal reveals a complex coupling pattern of the two core excitations and the valence excitation. To interpret this signal, we set W 2 equal to the major valence excitations observed in the corresponding I2P-SXRS spectrum. In figure 9(a) , we present the OS signals with pump at the oxygen K-edge and probe at the sulfur K-edge. By looking at the strong cross peaks in the projected 2D signals, one can easily understand how those core and valence excitations couple. For example, the 2474.2 eV S core excitation couples with the 532.2 eV O core excitation through the valence excitation 6.6 eV, as indicated by the leftmost 2D plot of figure 9(a) . This strong coupling can be further rationalized by examining the relevant molecular orbitals (MOs) involved in these core and valence transitions. In short, with the help of I2P-SXRS, one can easily unravel the information about coupling of localized core and valence excitations hidden in the more complicated FWM signals.
Instead of collecting the integrated response of the probe pulse, it is also possible to record the dispersed spectrum of the probe pulse resulting in the FD2P-SXRS. In figure 9(b) we compare the XFWM signals k I and k II with the frequency dispersed two-pulse SXRS signals in the same energy range. One can see that they provide essentially the same information. SXRS is easier to implement since it does not require phase-matching between the pump and probe pulses, as required in XFWM. With an additional probe pulse, D2P-SXRS can be extended to three dimensions, yielding dispersed three-pulse SXRS (D3P-SXRS). This 3D signal reveals the coupling between valence excitations (W 2 ), valence excitations and deexcitations (W 4 ) and core excitations (W 5 ) (upper part of figure 9(c) ). The projected 2D signals (lower part of figure 9(c) ) represent the coupling pattern of valence excitations/deexcitations, under the impact of core excitations induced by the middle probe pulse. Comparing the 2D signals with different middle probe pulses would bring valuable insights on the complicated many-body interaction of localized excitations [63] .
Monitoring excitation energy transfer in aggregates with SXRS
We now demonstrate the application of SXRS for studying excitation energy transfer (EET) in a model Zn-Ni porphyrin heterodimer. Porphyrin arrays are ubiquitous in natural and artificial light harvesting. The time-domain SXRS signal (equation (5)) can be viewed as the overlap of a timedependent doorway state created by the pump pulse and a time-independent window state created by the probe pulse [64] . Two detecting modes are shown schematically in figure 10(a) : the one-color signals for which the pump and probe are at the same edge and on the same porphyrin ring, and the two-color signal for which the pump and probe are not at the same edge and not on the same porphyrin ring. The time variation of these signals directly reflects the motion of the doorway wavepacket created by the pump pulse since the window wavepacket is static. The dominant natural orbitals of the time-dependent doorway wavepacket and the static window wavepacket are shown in figure 10(c) . The back-andforth oscillation between the two porphyrin rings can be clearly seen. This motion is reflected in the time-domain onecolor (pump/probe at the Zn2p edge) and two-color (pump at the Zn2p edge/probe at the Ni2p edge) SXRS signals shown in the top panel of figure 10(b) . The almost constant p 2 phase difference between the two signals illustrates this backand-forth motion, as when the doorway and window wavepackets are at the same porphyrin ring, the one-color signal should reach its maximum but the two-color signal should be in minimum and vice versa.
We also calculated the time-dependent hole and electron densities of the valence excited state wavepacket prepared by the pump pulse on the two porphyrin rings. The two densities reach their maximum and minimum almost always simultaneously, which confirms that this is an excitation energy transfer, not an electron transfer process, and the two porphyrins remain neutral, as shown schematically in figure 10(a) .
Monitoring electron transfer with SXRS
Long-range electron transfer (ET) is crucial in many energy conversion processes and biosynthetic reactions in living organisms. Understanding the detailed long-range ET pathways in biomolecular systems such as proteins may help the design of biomimetic catalysts and artificial light-harvesting devices. We consider the small protein azurin, in which a Recomplex is inserted which acts as the antenna to harvest the photon energy and trigger the long-range ET process. The ET pathway and possible detecting modes are shown schematically in figure 11(a) . This is a two-step sequential electron hopping process, where the Cu-complex acts as the donor, the Re-complex is the acceptor, and a tryptophan residue acts as an intermediate bridge. The ET kinetics has been extensively studied by time-resolved IR and UV-vis spectroscopy [66] and the resulting kinetic model is shown in figure 11(b) . This strategy is analogous to isotope labeling in IR spectroscopy. The SXRS signals at the donor, intermediate, and acceptor at three times during the ET process are shown in figure 11(c) and the corresponding electron density difference (transient state density minus ground state density) snapshots are presented in figure 11(d) . The signals collected at the donor, intermediate, and acceptor give a complete picture of the electron flow path. The processes studied in figures 9-11 are not very fast and do not exploit the attosecond time resolution. However, they make use of the broadband excitation to detect many valence excitations. Faster ET processes could benefit from the high temporal resolution as well [67] .
Linear and quadratic x-ray Raman probes
For temporally-well-separated pulses, SXRS can be viewed as a pump-probe technique in which an electronic coherence (or a superposition of such coherences) is created by one or several incoming pulses and is then probed in a Raman fashion by the final pulse. Generally speaking, when a pumping process (even a compound process comprised of multiple field-matter interactions) is well-separated in time from a subsequent probe, one can separate the pumping from the subsequent interpulse evolution and detection by the probe pulse. Since the type of information detectable in such a technique is entirely determined by the probing process, it is advantageous to classify pump-probe experiments by the nature of the probe. Such a systematic classification scheme was described in [62] . In particular, the signal may be defined as the frequency-dispersed transmission of the probe pulse (or one of the moments of this quantity), which may be shaped or hybrid broad-narrowband. Assuming Raman-type probing processes, such signals will have contributions that are linear, quadratic, and higher order in the probe-field intensity. Many common experiments can be analyzed from this perspective, allowing a comparison of the information available in various signals without specifying the pumping process in detail.
Probing conical intersections by TRUECARS
Let us reexamine the 2P-SXRS signal in the language of [62] (which is adequate for temporally well-separated pulses). In this picture, the first pulse pumps the molecule into a coherence (r r ¢  gg g g ) via a Raman excitation and the second pulse probes this coherence after some delay time. We term this type of probing process 'linear broadband' since it is linear in the probe-field intensity and there is only a single probe-pulse with an assumed broad frequency band (as opposed to the hybrid probes discussed above) and the corresponding signal can again be recorded in a frequencydispersed (FD) or integrated fashion. One may thus view an FD2P-SXRS experiment as a Raman pump followed by frequency-dispersed, linear detection of a probe. On resonance, the technique is known as transient absorption. In the offresonant regime, such a signal consists solely of a parametric redistribution of photons in the probe pulse and does not have absorptive features. It therefore only probes electronic coherences; terms originating in electronic populations of the pumped system vanish. This frequency-dispersed linear offresonant probe technique is therefore a background-free measurement of the effects of electronic coherence in the system (see figure 12 ).
In the off-resonant FD2P-SXRS technique, a Raman excitation creates a coherence which is then tracked via a frequency-dispersed linear off-resonant probe. In the absence of this externally-generated electronic coherence, the signal vanishes as described above. A similar technique is possible in which the pumping process is an actinic pump to an electronic excited state rather than a coherence. For short pump-probe delay times, this signal vanishes since it contains no coherences. However, non-adiabatic coupling between the electronic states can generate electronic coherences in the course of the material propagation. One thus observes oscillations due to the internally created electronic coherences and the signal no longer vanishes. We term this technique 'transient redistribution of ultrafast electronic coherences by attosecond Raman spectroscopy' or TRUECARS [68] . Energy is redistributed between the red and blue components of the pulse spectrum but there is no net absorption of photons.
In figure 13 , we show the TRUECARS signal simulated for a model system in which a vibrational wavepacket is In all diagrams, the shaded rectangle represents an unspecified pumping process that terminates by some well-defined time. The system then evolves freely before interacting with the probing pulse which can be broadband ( = E E 0 1 ) or hybrid ( ¹ E E 0 1 with E j the field envelope of probing field j). In these signals, the phases of each pulse cancel due to the two interactions and the wavevector-based phase-matching is no longer necessary to observe the signal. We therefore label the interactions by their field amplitudes, the profiles of which determine the signal.
prepared on an electronic excited state potential energy surface and propagates toward a conical intersection (CoIn) where the Born-Oppenheimer approximation (the separation of electronic and nuclear motions), or BOA, breaks down. As the system approaches the CoIn and becomes subject to nonadiabatic coupling, population leaks to the other surface, generating coherences in the process. Coherent oscillations are then observed in the TRUECARS signal with a period corresponding to the separation between electronic potential surfaces (spatially averaged over the nuclear wavepacket). Spectrally, one can see the separation between the two electronic excited surfaces evolving with time. The large crosssection for such a Raman redistribution process compared to photoionization has been recently estimated [69] .
Attosecond x-ray Raman spectroscopy
It is possible to use a zero-delay two-pulse SXRS process as a probe in a pump-probe experiment (see figure 12(b) ). Such a hybrid probe comprised of, e.g. broadband and narrowband components, offers unique advantages over simpler probe fields. Pump-probe style experiments have been conducted in the femtosecond regime in which an actinic pump pulse populates electronic excited states the dynamics of which is then probed by a hybrid broad-narrow pulse and the signal is given by the frequency-dispersed transmission of the broadband component of the probe pulse. Such experiments termed femtosecond stimulated Raman spectroscopy offer advantages over the simpler transient absorption experiments. In FSRS, the narrowband component of the hybrid probe gives sharp peaks at the Raman resonances while the broadband component (narrowly-confined in time) provides high temporal resolution for the probing process. In this way, the temporal and spectral resolutions of the resultant spectra are not connected by a Fourier uncertainty relation and more well-defined features are accessible compared to a transient absorption experiment with a broadband probe. These hybrid probe pulses also inspire a broader class of pump-probe experiments in which the probe pulse can be shaped and tailored to various specifications.
Using a hybrid broad-narrowband probe to track the population dynamics of excited states in the attosecond regime gives attosecond stimulated Raman spectroscopy (ASRS) [56] . Core-level electron excitations from different atoms are generally well-separated spectrally. Thus, ASRS can probe dynamical changes locally near specific atoms in complex molecules. This can be used to monitor femtosecond charge and excitation energy transfer processes [9, 65] and passage through CoIns in photo-induced chemical reactions [42] . The ASRS signal is a quadratic-probe signal [62] and is therefore of a higher order in probe-matter interaction than TRUECARS and scales differently with probe intensity (quadratically versus linearly), thus allowing their separation.
Discussion and summary
Advancements in x-ray light sources have enabled new nonlinear spectroscopic tools that reveal core-level electronic resonances and their interactions, and permit the creation of nonstationary electronic wavepackets of valence excitations and monitoring their dynamics. At these frequencies and timescales, experimental techniques are generally sensitive to electronic coherences as well as populations. SXRS exploits the broad bandwidth of x-ray pulses to create nonstationary superpositions of electronic coherences at well-defined times. Figure 13 . The TRUECARS signal. (a) A nuclear wave packet is promoted from the ground state (GS) by a pump-pulse  P to an excited electronic state. As it passes the coupling region around the CoIn, a coherence is created between the two electronic states. The broadband  0 /narrowband  1 hybrid pulse probes the electronic coherence between the nuclear wave packets on different surfaces. (b) Schematics of the pump and hybrid-probe pulse sequence. (c) The signal calculated for a model system with two electronic states and a single vibrational coordinate. The energy splitting of the electronic states involved in the coherence (solid line) can be read from the Raman shift and the coherent oscillation period reveals this time-dependent splitting averaged over the nuclear wavepacket. Adapted with permission from [68] . Copyright American Physical Society 2015.
These are subsequently monitored, giving a window into the electronic and nuclear dynamics as well as the coupling between various core and valence level excitations. This technique can thus reveal charge and excitation energy transfer in complex systems. The role of electronic coherence in many such naturally occurring processes is not well understood. For example, an open question is to what extent quantum coherence effects are responsible for the efficiency of light-harvesting complexes [70] . The tracking of electronic coherences made possible by the extension of nonlinear spectroscopic techniques to the x-ray regime will be most valuable in answering these questions.
With the high (femtosecond-attosecond) time-resolution afforded by x-ray pulses, ultrafast dynamics of populations can be studied. We have shown how, for example, dynamics can be launched via excitation to an electronic excited state with an actinic pump and then subsequently tracked using a linear probe (TRUECARS) or a quadratic probe (ASRS). These techniques can track the evolution of time-dependent energy gaps between states. The attosecond time-resolution is particularly useful for tracking evolution through a CoIn between excited states. As is well known, CoIns facilitate ultrafast population transport between electronic states and are therefore hard to resolve with longer pulses. CoIns provide a fast nonradiative decay pathway that controls product yields and rates in virtually all photophysical and photochemical processes. Their ubiquity and nontrivial physics (both with respect to transient, ultrafast phenomena, and multiple intercoupled excited states) make CoIns ideal candidates for nonlinear x-ray spectroscopy. Techniques such as TRUECARS offer a means of observing the electronic coherences generated by the non-BOA coupling characteristic of CoIns.
Here, we have surveyed various possible applications of nonlinear x-ray spectroscopy techniques (FWM, 1D-and 2D-SXRS, ASRS, and TRUECARS). We showed how nonlinear x-ray spectroscopies can track ultrafast passage through conical intersections and reveal the time evolution and couplings of electronic coherences. More elaborate pulse sequences could map the potential energy surfaces with particular focus to the region around a CoIn. Moreover, this could naturally provide a platform to address the role of geometric (Berry) phase effects in molecular dynamics near CoIns. Future investigations could include incoherent detection of the coherent effects induced by pulse sequences described above through fluorescence, currents, and photoelectron or Auger electron emissions. These incoherent detection modes are more versatile and often more convenient [71] . Electron spectroscopies, including time-resolved photoelectron spectroscopy (TRPES) and Auger probing following x-ray pulse sequences should be extremely valuable [72] [73] [74] 78] . Electron rather than photon detection is more sensitive in many cases. Auger transitions depend on different selection rules compared to those for dipolar transitions and so probing Auger electrons will be complementary to other nonlinear spectroscopic techniques. It is also possible to photoionize a system using shaped pulses as in the hybrid probes considered above for Raman techniques. For example, the streak camera and RABBIT (reconstruction of attosecond beating by interference of two-photon transitions) techniques use a combination IR-XUV field (the former uses a few-cycle IR field and single attosecond XUV pulse while the latter utilizes a CW IR laser and an attosecond pulse train) to perform pulse characterization and high-resolution fast photoelectron detection [75] [76] [77] . Combined with the variety of photon detection based nonlinear x-ray spectroscopies (some of which we discussed above), these electron spectroscopies will help build a toolbox of possible experiments that can be employed in various scenarios and parameter regimes to shed light on previously-inaccessible dynamics and energy regimes, dramatically improving our understanding of molecular processes.
